Introduction
Metabolism of living organisms can be defined emphasizing different aspects of this complex phenomenon. For our purposes, the definition in the Webster's Dictionary is an adequate one: "The chemical changes in living cells (organisms -author) by which energy is provided for vital processes and activities and new material is assimilated to repair the waste." Quantitatively, metabolism is characterized by amount of produced energy per unit time, called a metabolic rate (B) . From the physical perspective, metabolic rate is power, and accordingly is measured in watts. The metabolic rate of unicellular organisms generally increases slower than their mass M. This dependence is well approximated by a power function as follows.
Here, a is a constant; the value of b is called an allometric exponent.
Two types of metabolic allometric scaling are considered: intraspecific, across species belonging to the same taxa or ontogenetically, and interspecific, across different taxa.
The causes of intraspecific allometric scaling were considered in [1] on the basis of cellular properties, while in this paper we study interspecific allometric scaling.
The previous work [2] considered metabolic allometric properties of unicellular organisms based on the study [3] for five unicellular organisms -Amoeba Proteus . The greater dispersion in the last case is explained by wide variation of the starting conditions. Such, one E. coli grew to two times its length, while the other increased its length by four times. The greater value of allometric exponent during beginning of growth is due to fast biomass production, while the demand for maintenance needs to support existence of available 3 biomass has to be satisfied too. At the end of growth, biomass synthesis becomes insignificant [3, 4] , so that the organismal metabolism supports mostly metabolic activity required for maintenance. The obtained results comply with the range of experimentally obtained allometric exponents from 0.608 to 1.09 presented in review [5] . (More on correspondence of obtained results to known data is in the Discussion section.)
The work [2] studied metabolic allometric properties of unicellular organisms and introduced an idea that the found regularity in the values of allometric exponents is due to the need to preserve a balance within the food chain. This means that, on one hand, none of the organisms may have significant metabolic advantage; otherwise, such organisms would destroy the food chain annihilating their preys as an entire link. On the other hand, if the organismal metabolic activity is insufficient to acquire amount of nutrients needed for the successful population reproduction, this will lead to extinction of the population.
However, the work [2] did not give the answer to the question, why the allometric exponents of unicellular organisms have such values but not others, what are the actual fundamental level mechanisms, responsible for the allometric scaling in unicellular organisms. In this study, we address these pertinent questions and provide concrete proofs supporting the concept that the dynamic balance is an important factor defining allometric scaling. We show that two factors play an important role in defining the metabolic properties and values of interspecific allometric exponents for unicellular organisms. The first one is the restriction in nutrient content imposed by the environment. For unicellular organisms, this factor is of special importance, because unicellular organisms acquire nutrients directly from the environment through the surface (save for some variation as endocytosis in large species like amoeba).
The second factor is a regular increase of amount of nutrients per unit surface, when the size of organisms increases, discovered in this study. We discuss how this factor relates to fundamental principles of evolutionary development and life organization, since, as we found, such evolutionary increase in size strongly correlates with the increase of energetic capabilities of an entire organism. One of the reasons of this phenomenon is an evolutionary requirement to successfully compete for nutrient acquisition needed for sustainable reproduction. We discuss why such an increase of 4 acquired nutrients per unit surface is of so regular and persistent nature through the entire food chain. (Note that the same effect, in particular, expressed as a speed increase when mass of animals increases, can be observed through the food chain for multicellular organisms like mammals and fishes [6] , where it is even more evident.)
This evolutionary energetic increase, apparently, exposes one of the important properties of evolution in general. By and large, all organisms are both preys and predators. Organisms adapt to environment by different means, but increase in size is one of the main evolutionary paths, around which other developments evolve. In a situation of a relatively stable food supply, it should be expected that the size increase will bring certain advantages, and first of all energetic ones, in order to get food more reliably for successful reproduction. (It is an established fact that in the conditions we have had so far on the Earth during different geological periods, the increase of organismal size and of related energetic capabilities was one of the major evolutionary paths, which, according to our findings presented in this paper and in [6] , plays an important role in interspecific allometric scaling.)
Methods and Results
In [3, 4, 7] , a method for finding the overall nutrient consumption and nutrient influx was introduced, whose specifics and applications were considered in several other works. It is based on experimentally very well supported and cross verified fact that at each moment of growth the amount of nutrients used for biomass production presents a certain fraction of the overall nutrient consumption, so that once we know how the biomass grows, we can find the total amount of nutrients, which, in turn, correlates very well with the metabolic rate. When we say 'nutrients', we mean all substances acquired by cells. Correlation of nutrient uptake in unicellular organisms with their metabolic rates was discussed in [4, 7] . One of the reasons of high correlation is that cells have a single biochemical machinery, in which all biochemical reactions interrelate, so that the overwhelming amount of acquired nutrients are included into on-going chemical reactions, serving metabolic purposes as they were defined above in the Introduction section.
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Studies, done in [3, 4, 6] on the basis of such an approach, showed that unicellular organisms are able to substantially increase nutrient consumption during growth -faster than mass's increase. Fig. 1A and Table 1 , which use data from [3] obtained on the basis of experimental observations from [8] [9] [10] , are presenting the increase of nutrient consumption per unit volume during growth of a single organism. We can see that the increase for S. pombe is about 6.9 times, and for amoeba 1.44 times. A similar graph for E. coli 1 would produce 12-fold increase.
However, even more dramatic difference in nutrient consumption per unit volume is observed between organisms (Table 1) . Such, amoeba consumes 204 times less nutrients per unit volume than E. coli 1. . B -total nutrient influx. [8] , which has the least dispersion of data.)
Note the noticeable variations of nutrient influx per unit surface for the same species. Fig. 2 shows such variations for S. pombe. The results were computed using the method from [3, 4] , for the experimental data from [8] . Thus, there should be influential factors, which force such a regularity of metabolic rates, and these factors should not be only intrinsic ones, since, as we have seen, the core metabolic characteristics vary widely. 
Accounting for transportation costs
Nutrients acquired by organisms are used for different purposes. An important distinction should be made between nutrients used for transportation and nontransportation purposes, since they grow at different rates when organisms' mass increases. As it turned out, this factor affects the metabolic allometric scaling rather implicitly. In this regard, it should be considered as a secondary factor, being overridden by a wide variability of metabolic properties, which secures adaptation of organisms to different environmental conditions. Nonetheless, this factor is present, and, in our view, its knowledge is of value for understanding metabolic properties of living organisms.
The amount of nutrients F (measured in kg) required for cellular transportation in a cell that increases proportionally in three dimensions was found in [1, 3, 4, 7] using the consideration that transportation costs are proportional to transported distance, whose validity was discussed in the same works. In case of a spherical organism, we can find the amount of nutrients dF T required for transportation to the distance dr as follows.
Here, t k represents the cost of transportation as a fraction of transported nutrients per unit of length; f is the density of nutrients per unit of volume in kg·m -3 ; V is volume in
Integration of the right part from zero to R (the current radius of a growing spherical cell) gives
Eqn 3 essentially states that when the cell's volume (and associated with it mass)
increases, and the amount of nutrients consumed for non-transportation purposes is proportional to volume, then the amount of nutrients required for transportation of the same amount of nutrients increases faster than volume (as a volume at 4/3 power).
Since the density of organisms is a stable value, and so mass is proportional to volume, it also means proportionality to 4/3 power of mass. In case of unicellular organisms, whose size differs in two dimensions, this will be the power of 3/2, and in case of one- As Fig. 1A and Table 1 show, the amount of nutrients per unit volume increases during growth for the same organism, and it also can significantly differ across various organisms, so that the amount of nutrients per unit volume f in Eqn 2 can depend on volume. For instance, even if the whole nutrient consumption in S. pombe increases as fast as transportation costs (proportionally to square, since this is a 1-D increasing organism), the total increase would be about 4 times, while in Table 1 it is equal to 6.9
times. So, we should consider more general scenario. We can assume that
, where NT b is the allometric power for non-transportation costs per unit volume, o f is a constant, and 0 V is an initial volume. Then, Eqn 2 can be rewritten as follows.
Doing integration similar to Eqn 3, and substituting radius for volume as
, we finally obtain
Here, 0 A is a constant.
The amount of nutrients for non-transportation activities NT F can be found similarly to
After integration, we obtain
where NT A 0 is a constant.
Using Eqns 5 and 7, we can find the ratio S of transportation and non-transportation nutrient expenses as follows.
This is an interesting result, since the ratio does not depend on the scaling of nutrient consumption for non-transportation costs per unit volume. 
Accounting for changes in nutrient acquisition between developmental stages
Let us consider evolutionary change in nutrient acquisition. We assume that there were
x hypothetical successive evolutionary development stages, each producing a bigger organism than the previous one. The relative mass increase is by g times at each stage, so that 
where 0 F is the amount of nutrients at the first stage.
Substituting the value of x g from Eqn 9 into Eqn 10, we obtain
We assume that the density is constant, so that mass is proportional to volume,
. Note that both the number of developmental stages
x and the mass increase g per stage disappeared in Eqn 11. In fact, we obtained an equation very similar to Eqn 1 for the metabolic rate.
Factors defining allometric scaling in unicellular organisms
The analysis done above showed that there are at least two factors defining the allometric scaling of unicellular organisms. The first one is the consequence of nutrient acquisition through the surface, which depends on nutrients' availability and the surface of organisms. Nutrients acquired through the surface are processed by volume. For 3-D increasing organisms, it means the allometric exponent of 2/3 (surface is proportional to a square of a linear size, while volume is proportional to a cube of linear dimension).
We denote this allometric base exponent as
('s' stands for 'surface').
The second factor is the discovered regular increase of nutrient influx per unit surface with the growth of mass (Table 1 ). We will denote this allometric exponent as n b ('n' stands for 'nutrients'). It can be found as follows. Let us denote the amount of nutrients per unit surface as S k , indexes '1' and '2' correspond to two different organisms. Then, according to Eqn 11,
The solution of Eqn 12 is as follows.
The resulting allometric exponent b then can be found as the sum of s b and n b , which follows from the equation below (we use an equivalent form of presenting Eqn that was found on the basis of experimental observations. We already mentioned that the beginning of growth is characterized by 13 very different start conditions, so that the standard deviation should be higher than at the end of growth, and it is. We can see that both aforementioned ranges significantly overlap. Thus, our explanation of the mechanism of allometric scaling in unicellular organisms is consistent with obtained data in this case too. Table 2 summarizes the main results. Overall, we obtained that the range of allometric exponents for the studied organisms is 0.611-0.922, which is in a good agreement with the range of 0.608-1.09 from review [5] , given the restricted amount of data and the number of species we had. 
Discussion
In work [6] , the origin of allometric phenomenon in multicellular organisms was explained, considering mammals and fishes. In that case, the allometric scaling is due to biomechanical constraints and evolutionary adaptation within the entire food chain.
We were able to calculate the values of allometric exponents for the basal and maximal metabolic rates. The findings were very much in agreement with the results of numerous experimental observations. The situation with multicellular organisms resembles what we have just discovered for unicellular organisms: there is a base allometric exponent, which is defined by biomechanical constraints, plus a biochemical addition, which is due to evolutionary requirement for successful reproduction, on one hand, and the need in preservation of the entire food chain, not to overexploit it, on the other hand. This results, in particular, in a regular speed increase for each subsequent bigger predator, so that it could get a prey reliably to support the reproduction of its population, and as a consequence in the increase of allometric exponent. On the other hand, the speed and power advantage cannot be too strong, since this would destroy first the prey's, and then the predator's populations. This adaptive speed increase (and of metabolic power in general) is very similar to the increase in nutrient uptake per unit surface, which we found in unicellular organisms. Thus, the same principle, which is a consequence of a dynamic balance of a food chain, turned out to be the major determinant both in the realm of unicellular organisms and for multicellular species.
(Note that although here we mention the speed increase, which is the most obvious factor, the other factors also play a role. In fact, the "predator -prey" relationships are not so straightforward, and actually compose a complex network with many branches, but the defining evolutionary path, which relates to the allometric scaling phenomenon, goes along the line of increase in size.)
In case of mammals, the links in the food chain are more visible, since the predator directly feeds on the prey, while the unicellular organisms in many instances relate to each other through the common nutritional environment, but not necessarily feeding on each other, although the last feeding mode is also a widespread phenomenon in this realm, implemented via very diverse mechanisms. Nonetheless, in case of unicellular organisms, the "predator -prey" relationships are not so obvious, because of the diverse forms of existence, ways of feeding and modes of motion.
The discovered similarity between the multicellular and unicellular organisms goes even deeper, mirroring each other in details. In both instances, we have base allometric exponents, and also additions to the base values, related to nutritional environment, to the ability of organisms to get sufficient amount of nutrients for successful reproduction. In case of mammals, to get a prey, the predator needs a higher speed. This is achieved through the higher metabolic capacity, translated into the addition to the base allometric exponent, which originated from the biomechanical constraints. On the other hand, the speed and power advantage in mammals and other multicellular organisms cannot be too great, since in this case the predators would quickly destroy the prey's population. These two counteracting requirements keep a delicate dynamic balance of an entire food chain, eliminating populations of both too strong and too weak creatures. The known variations of allometric exponents for different classes of organisms, which was one of the main arguments of commentators doubting in the role of a balanced food chain, is a natural consequence of variations of both the base and the "add-on" allometric exponents. There are many reasons for such variations, which will be discussed in another paper.
Of course, Nature is a virtuoso, capable creating forms of life, acquiring nutrients sometimes in very exotic ways, to which a great diversity of environmental conditions 15 contributed. Organisms use all possible means to acquire nutrients for successful reproduction, whatever is available in their disposition biochemically, physiologically and from the environment. For instance, wolves in Yellowstone National Park, which are substantially smaller in weight than elks, are considered as a primary threat to elk's population, which is rapidly declining for the last twenty years, when the wolves' population was allowed to grow significantly. This is always interplay of many factors, which defines, who eats who (including human populations, if we generalize 'nutrients'
as different resources required not only for a physical survival, but also for achieving other human objectives in -often relentless -competition with other people, both on individual and group levels). However, behind these masking development scenarios, there is an evolutionary backbone, which is the increase of organisms' mass and transformations associated with it, including metabolic rates. It is this evolutionary backbone, from which other secondary evolutionary branches start, which, in turn, sometimes produce bewildering mechanisms and means of nutrient acquisition.
Very similar (and similarly important) considerations are applicable to unicellular organisms, although they may look as more subtle ones. All unicellular organisms compete for nutrients. Bigger organisms originate in the same nutritional environment, because they are more successful in nutrient acquisition. In other words, they have greater metabolic capacities. Gradually, such organisms can evolve into a different species. However, what is important to remember, the basis of their lager size is the ability to acquire more nutrients compared to competitors; without that, they would not survive as bigger organisms.
Nature shows examples of amazingly energetic creatures, both aquatic and terrestrial. Such, many species show isometric intraspecific allometric scaling; for instance, ants [14] , many fishes, squids [1, 5] . Mammals show high adaptability to metabolic requirements. Depending on the situation, they may also show isometric scaling. Such, reviewing the previous works, the authors of [15] indicate that "the cost of climbing 1 m was nearly the same per kilogram, regardless of weight", which means isometric allometric scaling, while in overtaking horizontal distances the same animals showed significantly smaller allometric exponents. Our results above also show substantially higher metabolic capacity of E. coli compared to other considered 16 organisms. So, the biochemical limitations on the upper level of metabolic activity, in principle, are not so restrictive as we observe in case of interspecific allometric scaling. This is something else that keeps the increase of metabolism in bigger species checked, both in unicellular and multicellular organisms. For multicellular organisms, we conjectured and presented certain proofs in [6] that this upper limit is imposed by the requirement of keeping the integrity and continuity of the entire food chain. Work [16] demonstrates numerical examples that populations of species are very sensitive to food availability, and that even insignificant fluctuations in food supply can cause drastic fluctuations in population quantity, including extinction. Thus, evolutionarily, the entire food chain is kept in a dynamic balance, filtering both too aggressive and energetic species, destroying populations of their preys, but also eliminating species, which cannot successfully compete for the food and thus provide sufficient population
reproduction. Preserving such a dynamically balanced state of food chains is the only way for the entire living world to survive as a whole. (If people could learn from this Nature wisdom, it would be a better world for sure.) Fig. 3 represents the above considerations in a schematic form.
Higher metabolism of some organisms within the same species leads to origin of bigger creatures.
Competition for nutrients to support successful reproduction pushes metabolism of species within the food chain towards the upper limit.
Resulting range of allometric exponents
Such bigger organisms, which already have more active metabolism, gradually evolve into a different species. Given the high level of metabolic adaptability of unicellular organisms, which we found (see Fig. 2 and Table 1 ), the specifics of their metabolism, like distribution of transportation and non-transportation costs is not so important, since these are rather evolutionary pressures, which trim the metabolic properties of unicellular organisms, but not their particular intrinsic mechanisms. So, despite specifics of nutrient consumption, the metabolic properties of all organisms will be lined up by the requirement of keeping the entire food chain continuous and in a proper dynamic balance.
Variability of allometric exponents as an inherent property
Variability of allometric exponents across different taxa is a well confirmed fact [5, 16, 17] , including unicellular organisms [5] . One of the factors, causing such variability in microorganisms, is their ability to form colonies of different configuration and structure. In such cases, the nutrient consumption is influenced by colony organization, which can be complex. However, we consider single organisms.
As we found, the resulting allometric exponent in unicellular organisms consists of at least two components. One is defined by the surface -volume relationship due to nutrient acquisition through the surface, while these nutrients serve the metabolic needs of volume. This feature results in the value of this base allometric exponent of 2/3, if we assume that all organisms acquire the same amount of nutrients per unit surface. The second factor is an increase in nutrient acquisition per unit of surface through the entire range of masses (which in our case embraced almost eight orders of magnitude).
As we found above, the actual nutrient acquisition per unit surface can significantly deviate from average values (see Table 1 and Fig. 2 ), in both ways, which accordingly affects both components, either increasing or decreasing their values. Such, E. coli 1 consumes more nutrients per unit surface than S. pombe, so that if we compute the allometric exponent relative to S. pombe, then we obtain the value of 0.611 (which is, interestingly enough, close to the lower limit of the range 0.608 to 1.09, reported in review [5] .) At the beginning of growth, new cells at normal growth conditions have substantially higher values of allometric exponents (the average value in our case was
), which is due to intensive biomass synthesis at this phase of growth.
So, the range of variability, which we obtained for our data using the proposed approach, is commensurate with the known variability of allometric exponents for We did not expect to come as far, when the study began. It started from multicellular organisms, mostly mammals, in rather traditional way, in search of a combination of particular physiological mechanisms, which together could define this phenomenon. In particular, the non-linear increase of transportation costs, which was discovered through the general growth mechanism [3, 4, 7] , seemed as one of the likely causes. However, when the study has been proceeding, and more particular physiological mechanisms were excluded, the entire logic of the study forced to look for more general causes, which brought to the light an entire food chain as a possible factor, and eventually led to formulation of the concept.
The concept of a balanced food chain might be easier to comprehend for the scientific community, than the general growth mechanism, it meditatively relates to,
given the fact that now there are convincing proofs of the concept's validity both for the multicellular [6] and unicellular organisms (work [2] and of the present study). The results are especially encouraging and revealing for multicellular organisms. Exactly as in this study, the resulting allometric scaling exponent consists of several components.
There is a base scaling exponent, defined by biomechanical constraints (scaling of energy requirements for different types of motion, and scaling of muscular-skeletal organization, like a faster increase of skeleton mass compared to overall mass in bigger animals). The additional biochemical component relates to ability of animals to get a 20 prey and escape a predator, which in many instances manifests itself as an increase of animals' speed, when we go up the food chain considering organisms with bigger masses. On the other hand, as it was said, the speed and power advantage cannot be excessive, otherwise the populations a predator feeds on will be quickly destroyed, which could lead to the destruction of the predator's population as well. Similarly, if a prey it too fast or too powerful for the preys to overcome it, then the prey's population will explode and consume too much resources, thus also disturbing the balance, Regarding the variability of allometric exponents, these are valid concerns.
However, the following studies showed that they can be addressed (it would be strange if one article could address all possible issues for the problem, which could not be solved for over a century, despite numerous attempts). Similarly, we considered the variability of allometric exponents for unicellular organisms in this study and showed how the principal sources of variability cover the range of allometric exponents. In case of multicellular organisms, though, the number of parameters, defining such variability, 21 is substantially greater, and so the variability of allometric exponents should be greater,
and this is what experimental observations show.
Critical comments regarding application of the concept to unicellular organisms were rather a consequence of insufficient amount of proofs. In rare cases, critics converged to unserious ironical notes, of the sort that cats have to constrain food intake in order to preserve mice. (In a certain sense, the answer is 'yes', though it is not as simple, and the cats are forced to such a behavior meditatively, through many feedback loops. Cats' overall physical and metabolic characteristics were already much formed by the evolutionary need to preserve a balanced food chain. Besides, cats feed on many other preys, which also complicates and masks the overall picture.) Regarding the amount of proofs, the presented study of unicellular organisms now gives more convincing proofs, and actually the results can be considered as a proof of concept in a different realm, besides multicellular organisms, which makes it even more valuable.
More proofs for multicellular organisms will be published in the subsequent papers.
However, the main obstacle, given the author's experience with the General growth mechanism, will be the novelty of the concept; unfortunately, this is not an incremental advancement, which many people usually can accept, but, as one of the commentators put it, a "jump in the logic". Actually, the situation is even worse: this is a heuristic jump, which no formal logic can produce [7] . However, all important discoveries were made heuristically, so that there is nothing wrong with our concept in this regard. It is just that the acceptance of heuristic discoveries is a tedious and long process, and it cannot be otherwise, given a huge scope of things and phenomena they usually affect.
Conclusion
This study of interspecific allometric scaling of unicellular organisms, in the author's view, much advanced understanding of the phenomenon. The nature of core things in the world we live in is not very complicated, neither it is too simple, as it turns out when this core nature is finally discovered; although before that, the matter usually seems more complicated, and even mysterious, than it actually is. This is what we observed in our study, removing layer after layer before we saw a bare phenomenon without prejudice. What we saw was simple, very natural, and at the same time 22 unbelievable, because of the simplicity, on one hand, and the necessity to accept things, which were not supposed to be there, on the other hand. The obvious things were that unicellular organisms acquire nutrients through the surface (the first important consideration), and from the common nutritional environment (the second key consideration, which exposes and raises the role of the environment as a communication media for cells, through which they interact and receive feedbacks). It follows from these considerations that the metabolic properties of cells we studied should be limited by the nutritional abilities of the environment they reside in, which is may be almost obvious, but not easily acceptable inference, given the history of the problem, whose solution was searched for over a wide range of different hypotheses, amongst which the intrinsic factors were of prominence.
The major obstacle in accepting the proposed solution is the acceptance of a concept that the entire food chain can influence the allometric scaling; this one was not supposed to be in the solution scope of the problem, especially intensively studied by many researchers for the last 84 years, after the publication of Kleinberg's seminal work. As several comments clearly show, none of the commentators could provide any meaningful argumentation to refute this concept. Probably, one of the most meaningful comments was that this concept is untestable. However, this comment was received for the first part of studies [2] , which, indeed, does not provide much concrete proofs of the concept. However, with the advent of the study for multicellular organisms [6] and the present study, both providing concrete proofs of the concept's validity (note, in two different realms, which is especially important), the situation became very much different.
In fact, the previous three articles [1, 2, 6] and this one open new venues for the studies of metabolic allometric scaling. Together, they provide a framework to make future studies well designed, planned and organized. Even more important is that this framework allows understanding and explaining observed effects and predict the future ones. Of course, it all requires lots of efforts of the whole community, once the first step, the recognition of the concept, happens.
On a side note, the proposed concept of influence of the entire food chain unexpectedly establishes new tight connections of the subject of allometric scaling with many other disciplines and areas, transforms it from a relatively isolated problem to an 23 important component of numerous biological processes and phenomena. That could be an interesting development, but, as it was said, until the recognition of the concept happens, nothing will follow.
